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" ABSTRACT

Evidence is given linking magnetic clouds reported at Earth and “gradual
commencement™ principal magnetic storms. About half of 19 magnetic clouds could
be associated uith. geomagnetic storms beginning ‘within 1 hr of cloud
commencement at Earth, while none of 19 controls (no magnetic clouds reported at
Earth) could be associated with storms. The association is significant at-
better than 99% 1level of confidence. Superposed epoch analysis of the
equatorial Dst geomagnetic index for time intervals associated with the 19
magnetic clouds, centered on start time of clouds at Earth, reveals that <Dst>
steadily decreased, by a factor of about 5, between cloud onset and 13 hr
following cloud onset, when it began a slow recovery to pre-cioud values.
Superposed epoch analysis for time intervals associated with the 19 controls,
centered on the start time of the control periods, shows <Dst> to vary only
insigni ficantTy as coﬁparecl to pre-cloud values. The decrease (Iand subsequent
increase) in <Dst> for the tmespans assoc1ated with the clouds is shown to be
directly related to the behavior of Bz, the Z-component of the interplanetary

. magnetic field; i.e-,. frout superposed epoch analysis, the decrease in <nst> is
seen to smultaneously occur with a susta'i ned southward <Bz>, with the recovery

of <Dst> beginning with the occurrence of northward <8z>.
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INTRODUCTION

The existence of interplanetary magnetic clouds has been clearly attested
by Burlaga et al. [1981] and Burlaga and Behannon [1982], and the statistical
characteristics of clouds have been described by KTein and,»‘ Burlaga [1982;
hereafter referred ta as KB]. KB grouped 45 magnetic ¢Touds. into three,
approximately equally populated classes: group A clouds following shocks, group -
B clouds preceding interaction (co-rotating) regions, and group C clouds
associated with cold magnetic enhancements. KB classified the magnetic clouds
in this way, not that each class of clauds is inherently different from each
other (their field and plasma parameters, in fact, were quite similar in value),
but that the three types of clouds were identified according to the environment
in which they were found. KB believed that the three classes of clouds might be
different mani festations of a single ﬁhenomenon, ~in  particular,
earthward-directed coronal mass ejections (CMES)- AIT clouds were identified

near Earth from observations made with fhe INP series of spacecraft.

Support for this hypothesis (i.e., magnetic clouds are associated with

'CMEs) has grown. For example, Burlaga et al. [1982] found that a plane-of-sky

magnetic cloud was associated with a plane-of-sky CME, based on Helios 1 and
Solwind data. Also, Wilson and Hildner [1984] showed that group A magnetic
clouds often were associated with flare-related type Il meter-wave radio bursts
near central meridian, based on a statistical study of magnetic clouds, controls
(no magnetic clouds), and proxy CME-related solar events. More recently, Wilson

and Hildner [1986] found groups B and C magnetic clouds to be statistically
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associated (at > 99% level of confidence) with disappearing filaments near

central meridian.

CMEs often have been associated ‘with two forms of solar activity:
flare-related type II radio bursts "and di sappearing filaments (erupting
prominences) [e.g., Munro et al., 1979; Rust and Hildner et al., 1980; Wagner,
1984; Cane and Stone, 1984; Sheeley et al., 1985; Cane, 1985]. These same two -
forms of solar activity, when they occur near central meridian, also have been
associated with geomagnetic storms [e.g., Hundhausen, 1979; Joselyn and
McIntosh, 1981; McNamara and Wright, 1982; Wright and McNamara, 1983; Rust,
1983; Sastri, Ramesh, and Rao, 1985]. Therefore, if magnetic clouds near Earth,
indeed, are manifestations of CMEs directed at Earth, then they too may be

associated with geomagnetic storms.

It is generaﬂy accépted that sudden commencement geomagnetic storms are
associated with . enhancenents of solar wind dynamic pressure (i.e., shocks)
[Burton, McPherron,, and Russell, 1975; Cane, 1985]. Likewise, the Z-component
(Bz) of the mterplanetary magnetu; field (IMF) has  been associated with

vgeomagnetic act1v1ty {e.g., Rostoker and Falthammar, 1967; Russell s McPherron,

and Burton, 1974]. Disturbances in the Earth's magnetosphere often are
monitored using the Dst geomagnetic index. In this paper, the statistical
association between magnetic clouds near Earth and geomagnetic storms is
investigated, using both an event (cloud) group and a control (no cloud) group.
Also, based on superposed epoch anaylsis, the time-dependent behavior of <Dst>,

the mean equatorial Dst geomagnetic index, and of <Bz>, the mean Bz of the IMF,
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for 19 magnetic clouds and 19 controls is determined. Lastly, a comparison is

made of clouds with known geomagnetic storm associations against those without

- known storm associations.

DISCUSSION

Approach

Based on KB's [1982] listing of cloud occurrences between May 1973 and
April 1978, a comparison is made between the start time of cloud occurrence at
Earth and principal magnetic storm commencement as Tlisted in the Solar

Geophysical Data, denoting "yes" associations as those when a principal magnetic

storm commenced within 1 hr of the start of a cloud at Earth. The analysis is
performed by cloud group and for the combined groups B&C clouds and all _clouds.

For comparison, control periods (no magnetic clouds reported at Earth) are also
employed.. ' A

In xthe '(:o'nti ngency tables of observed distributions, clouds are denoted by
the letter "E,* signifying "event," and controls by the letter "C." Statistical
testing, based on the probability P that there is no preferential association

between clouds and geomagnetic storms, is used to determine the significance of

the observed distributions.

Next, the type of geomagnetic storm that possibly may be associated with
magnetic clouds 1is investigated; i.e., are magnetic clouds better associated

with gradual commencements or sudden commencements? This 1is accomplished by
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means of statistical testing, as before, based on the probability P that there

is no preferential association in the distributions.

Lastly, superposed epoch analyses of Dst and Bz are . performed, for the
interval 24 hr either side of cloud and ggntrol onsets at Earth and based on
hourly values published, respectively, in thé: SGD and in King 1977, 1979].
<Dst> and <Bz> are computed for the 19 clouds and 19 controls and their -
time-dependent behavior is compared. A similar analysis is performed in which
the behavior of <Dst> and <Bz> vfor clouds with known geomagnetic storms is

contrasted against those without known geomagnetic storms.

In all of the analyses, the control groups are the same and were determined
by off-setting later in time (typically 7 to 9 days) from the start of the
clouds as reported by KB [1982]. Since magnetic clouds average about 24 hr in
durat'idn, all control periods are 24 hr in duratwn as well. For convenience,
all control penods begm at 0000 UT. A controT period is defined as a period
of time in which no magnetic cloud was reported by KB, yet the solar wind data
are of sufficient quality that ha¢ a nagnetic cloud been present it should have
been contained in their origmal list. Also, the control period should be
sufficiently later in time so that the longitude of activity is no longer near
central meridian. Because of these constraints, the control periods spanned
typically 7 to 9 days later. [Additional comments regarding controls are

contained in Wilson and Hildner, 1986.]
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Magnetic Cloud-Geomagnetic Storm Associations

In Table 1 the observed distribution is shown of “yes" and ‘“no"
associations for the event (cloud) group and the control (no cloud) group for
the different cl asses of magnetic clouds and selected groupings of clouds, based
on the sorting criterion of geomagnetic storms commencing within 1 hr of the
start of a cloud (or}control) at Earth. For group A clouds (those fol'iowing
shocks), 2 of 4 clouds meet this criterion; the 2 clouds which did not meet the |
criterion had storms already in progress, apparently due to the shocks . which
preceded the clouds -- one 14 hr prior to cloud passage at Earth and the otheré
hr prior to cloud passage. For group B clouds (those preceding interaction or
co-rotating regions), 3 of 7 have associated geomagnetic storms, and for group C
clouds (those associated with cold magnetic enhancements), 5 of 8 have
associations.. For the combined groups BgC, 8 of 15 have associations, and for
the overall combined group (all magnetic cl ouds i gnoring cloud class), 10 of 19
magnetic clouds have associated geomagnetic storms. In all catégories, none of

the controls has any association with geomagnetic storms.

The probability P that no preferential association exists in the observed
distribution, ‘likem’se, is given in fable 1 for; the variohs clas§e§ of magnetic
clouds, computed using the hypergeometric formula [Langley, 1971; Everitt,
1977]. The only groupings which exhibit a statistically significant (P < 0.05)
association are groups C, B &C, and the overall combined group (all clouds). In
fact, the associations for groups B &C and ALL are significant at > 99% level of
confidence (P < 0.01). Thus, the observed distribution of near simultaneous

occurrences (commencements within 1 hr of each other) of magnetic clouds near
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Earth and geomagnetic storms strongly suggests that the association is not

random, but rather preferential, with geomagnetic storms often occurring when

- magnetic clouds (associated with CMEs) are present near Earth.

Gradual Commencement Versus Sudden Commencement

In Table 2 the observed distribution is shown of “yes" and | "no"
associations by type of geomagnetic storm for each class of cloud and for.
selected groupings of clouds, again based on event and control groups. For
group A clouds, none of the magnetic clouds can be associated with graduai
commencement storms. Instead, they appear to be better associated with sudden
commencement storms; 2 of 4 cl 6uds have associated sudden commencements.
(Actually, all 4 cfouds are associated with sudden commencements; only 2 of the
4 met the criterion of having a storm commence within 1 hr of cloud onset at
Earth.) This may be an expected resuft, ‘since Cane [1985] has shown that
interplanetary k‘s‘hocks (i.e., sudden comenéements) often are associated with
type II radio emission oﬁ the Sun, and Wilson and Hildner [1984] have shown that
group A magnei:ié Hc]ouds: v(those a};sociated with shocks), Tikewise, often are

associated with type II radio emission.

For the other groupings of clouds, 3 of 7 group B clouds and 5 of 8 group C
clouds have associations with gradual conmencements. (None of these two classes
of clouds had associations with sudden commencement storms.) Thus, about half
(8 of 15) of the combined groups B and C clouds appear to be closely associated
with gradual commencement storms. Ignoring magnetic cloud group classification,

8 of 19 appear to be associated with gradual commencements, while 2 (both group.
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A clouds following shocks) have sudden commencements; as stated earlier, no

controls have associations with either form of geomagnetic activity.

The probability P that no preferential association exists in the observed
distribution (for each class of magnetic clouds) is also givem in Table 2. As
in Table 1, the only groupings which exhibit a statistically significant result
(P < 0.05) are groups C, B&C, and the overall combined (all classes) group, -
with associations for groups B & C and the overall combined group being
significant at > 99% 1level of confidence. Thus, the observed di stributions
strongly suggest a preferential association between magnetic clouds near Earth

and gradual commencement geomagnetic storms.

Superposed Epoch Analyses

In Figure la, the result of a superposed L epoch analysis of the time
intervals for: ﬁle 19 a_ghetic clouds, ignori ng-gt"qup designation,. is depicted.
Each of the 19 magnetic clouds was aligned accordfrig to time of onset of cloud
passage at Earth, ‘and the Dst geouiagnetic index values were éombined and
averaged to yield a mean <nst> value. The time inferval of 24 hr prior to é]oud
passage ris Vdesignated '}—n-'e-cloud," while the 24-hr interval following cloud
onset is denoted "cldud.“ Mean value (X), standard deviation (s), and number of
individual data points (n) are identified for the pre-cloud timespan. [It is
noted that the Dst index is a measure of the total kinetic energy of particles
in the symmetric part of the ring current belt and is useful in studies of
geomagnetic storms; Dessler and Parker, 1959; Burton, McPherron, and Russell,

1975; and Akasofu et al., 1985.]
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<Dst> is observed to vary ins{gnific;ntly during the pre-cloud interval.
Commensurate with cloud onset, <Dst> began a steady 13-hr decrease to a value
- about 5 times more negative than the mean value (-7.4) for the pre-cloud
interval. Following this, <Dst> bégan a s]oﬁ increase to pre-cloud values.
This s1gnature of sudden commencement, main phase, and recovery is typical for

d1strubances monitored using the Dst index.

In Figure 1b, a similar plot of the time intervals for the 19 controls is
depicted, where each control is aligned according to control start. Where
before a sudden decrease in <Dst> to large negative value is observed for the
cloud interval relative to the pre-cloud interval, no such behavior is noted for
the controls. Instead a slowly varying signal is observed, whose mean value
differs insignificantly from that of the pre-cloud <Dst> mean value. (The 95%
confidence interval for the pre-cloud <Dst> mean value is -7.4 % 1.9 and the 95%
conffdence~ fnterva] for the control <Dst>~mean value is -9.IJ- I.1. Thus, the
means of the.tuc dJstributnons,ane.inSIQnificantﬂy different at the 95% level of

confidence- : in fact they are even - insignificant at the 90% level of

confidence.)

In Figure'z, a superposed epoch analysis of the time intervals for the 19
clouds is shown in terms of <Bz>, the mean Z-component of the interplanetary
magnetic field. Past research has revealed <Bz> to be generally associated with
geomagnetic activity [e.g., Burton, McPherron, and Russell, 1975 and references
contained therein]. For example, Rostoker and Falthammar [1967] found that the

main phase of a geomagnetic storm was associated with a sustained southward Bz,
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and they noted that the recovery phase was associated with a decrease or

switching off of the southward Bz. Also, Russell, McPherron, and Burton [1974]

- found that the southward Bz had to exceed an apparent threshold level, which

possibly was Dst-dependent, in order to trigger the main phase of a storm. In
Figure 2, <Bz> is observed to vary insignificantly during the pre-cloud
interval. (The 95% confidence interval for the <Bz> mean value duri.ng the
pre-cloud interval is about 0.2 ¥ 0.3.) Near the time of cloud onset at Earth:
(when <Dst> was beginning to decrease), <Bz> is observed to decrease to a
maximum southward value within a few hours and to sustain a southward value for
several additional hours. <Bz> becomes northward at about 16 hr following cloud
onset, and it remains so at Tleast through 24 hr after cloud onset. The

northward <Bz> appears to be associated with the recovery phase of <Dst>.

Cloud-Storm Association Differences

P A
A A "

It is a curiosity that all na?hetic clouds do not appear to have a
geomagnetic storm associatiom. Usfng' the criterion of storm commencement within
1 hr of c]oud onset at Earth showed;ﬂlat 10 of the 19 magnetic -clouds had
probable associations with geomagnetic storms. Relaxing this stri hgent
crﬁ:en’on yields an improved assoﬁiaﬁon; €.G., a.window of £ 3 hr sbggests
probable associations for 12 of 19 clouds, and a window of ¥ 6 hr increases the
number of "yes" associations to 15 of 19. For 5 of the 9 clouds which did not
meet the original criterion, a geomagnetic storm was already in progress; thus,
15 of 19 clouds were associated with timespans when geomagnetic activity was
enhanced. (In contrast, recall that no-cloud control periods cannot be

associated with even a single geomagnetic storm.) For those clouds which had
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storms already in progress at cloud onset at Earth, the time difference between
storm commencement and cloud onset varied between 2 and 14 hr prior to cloud

_onset.

Figures 3a and 3b depict superposed epoch analyses for <Dst> and <Bz> .
respectively, for those with probable cloud-storm associations (10 examples
which met the most stringent criterion, denoted ®) and for those Qithout_
cloud-stor,n,{ associations (9 examples, denoted O). In both cases, <Dst> and <Bz>
behave simﬁ arly. <Dst> and <Bz> are observéd to vary fnsignificanﬂy during
the pre-cloud timespan, then to decrease in value near cloud onset at Earth. A
main phase and a recovery phase are indicated. The major differences between
the two groups are that pre-cloud values of <Dst> for clouds with storms are
slightly more positive than for clouds without storms, and that the depth of
decrease is slightly greater for clouds with storms. Dur'ivng the cloud interval,
<B2> values for clouds without storms are of sli ghtl.y more positive value than
for clouds u'lth 'storms.. . A'lsd,. ‘the recovery phase begins sooner for clouds
witﬁout storms- R

In terms of cloud velocity and duration differences, thére is essenti a11 y
no difference between the two groups. Those with associations had an average
speed at cloud onset of about 454 km s‘l; those without associations about 426
km s=L. Durations averaged 23.8 and 23.9 hr for the two groups, respectively.

KB [1982] showed examples of <clouds whose magnetic field rotated
counterclockwise and clockwise; so, it 1is not intuitively obvious why some

clouds have storm associations and some do not, even though <Dst> and <Bz>
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values between the two groups behave similarl y and are of about equal magnitude.

CONCLUSIONS

In this paper evidence has been presented that strongly suggesté a
preferential association between earthward-directed magnetic clouds,
manifestations of earthward-directed coronal mass ejections, and geomagnetic
storms. The emerging picture is that a magnetic cloud may in some way directly
interact with the Earth's magnetosphere as if: passes Earth, thereby triggering a
geomagnetic storm, -and continues into the outer solar system. While group A
magnetic clouds following shocks are better associated with sudden comencement.
geomagnetic storms, the other two classes of magnetic clouds (group B clouds
preceding interaction regions and group C clouds associated with cold magnetic
enhancements) and clouds in general (all clouds, ignoring cl ogd classification)
appear to better relate to gradual commencement geomagnetic storms, at > 99%
Tevel of confidence. The analysis has revealed that about half of the magnetic
clouds (10 of 19) and none of the 19 né-cloud controls:‘t:duld be associated with
ge_omagnetiq storms. While a 1-to-1 ass_oci ation was n’t')t rfound between magnetic
cfo]xds aﬁd éeomagnetic stoﬁhﬁ, 15 of 19 clouds could be: associated with enhancéd
periods of géomagnet'ic activity. Some clouds (about one-fifth) apparently do
not trigger storms. Superposed epoch analysis of the 19 clouds and 19 no-cloud
controls has revealed that <Dst> for clouds decreased by a factor of about 5
relative to pre-cloud values, while <Dst> for controls varied only
insignificantly. The decrease in <Dst> began precisely at the start of cloud

passage at Earth and the decrease continued for about 13 hr following cloud
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start, with a slow recovery to p;e-clou;i values following. A similar behavior
is noted to have occurred for <Bz>. A sustained southward <Bz> occurred near
-cloud onset at Earth, and when <Bz> became northward, recovery of <Dst> was
underway. Both clouds with storm associations and clouds without storm
associations exhibit similar behavior in <Dst> and <Bz>, although the <Bz> value
for clouds without associated storms is about half that determined for clouds
with associated storms and the duration of the southward <Bz> is slightly less. -
Perhaps, this is suggestive that a threshold level, indeed, exists for

triggering geomagnetic storms.
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Figure Captions

FIGURE CAPTION
| la Superposed epoch analysis of the <Dst> geomagnetic index for
19 magnetic clouds, covering the interval 24 hr either side of |
cloud onset at Earth. Mean value (i); standard deviation (s),
and number (n) of d&ta points are identified for the pre-Cioud

portion.

1b Superposed epoch analysis of the <Dst> geomagnetic index for
19 control (no cloud) periods, covering the interval 24 hr

either side of control onset. Mean value (X), standard deviation (s),

and number (n) of data points are identified.

2 Superposed epach analysis of <Bz>, the mean Z-component of the

interplanetary magnetic field (IMF), for 19 magnetic clouds.

3a Superposed epoch an&lysis of <Dst>, the mean geomagnetic index,
for 10 clouds with gébmaghetic storms (denoted ®) and 9 clouds

- without geomagnetic storms (denoted O).

3b Superposed epoch analysis of <Bz>, the mean Z-component of the IMF,
for 10 clouds with geomagnetic storms (denoted ®) and 9 clouds

without geomagnetic storms (denoted O).
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T;ble Captions

TABLE ’ CAPTION
1 Contingency table of observed distribution for magnetic clouds

and geomagnetic storms.

2 Contingency table of observed distribution for magnetic clouds

and types of geomagnetic storms.
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